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Abstract

Two alrcraft refueling system configurations were cimulated
using HYTRAN, an existing transient flow analysis computer progran.
Transiént pressure response subsequent to downstream valve closure
was investigated for the KC-135 and a laboratory test rig and
compared to avallable experimental datz and previous research,
Parametric studies were performed of system variables: valve closure
time, valve area versus time (closure curves), and variations in
surge éttenuation components (surge boot, accumulators), A typical
closure curve for quick disconnects was approximated and verified,
The simulation results compared favorably with experimentzl data
and previous work, Transient pressure was found to be sensitive to
accumulator or surge boot precharge pressure while changes in

accunulator volume had little effect, Variations in accumulator

entry line diameter or length affected transient pressure and
gettling time, Increased valve snubbing reduced maximum transient

pressures,
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DYNAMIC CHARACTZRISTICS CrF AZRIAL

REFUELLING SYSTEMS

I, Introduction

Problem Rackzround

An zerial refueling system is an auxiliary pumping system installed
in a tanker aircraft which is used to transfer fuel to a2 receiver
aircréft. During inflight refueling operations fuel is pumped from
the tanker to the receiver through either an extensible, rigid
refueling boom or a flexible hose. Only the rigid boor method will be
considered in this study.

Fuel spillage during planned or inadvertant separation of the
tanker and receiver 1s prevented by use of a spring loaded shut-off
valve at the boom delivery nozzle. A spring loaded valve is also
provided at the receiver fuel receptacle,

The rapid closing of the nozzle shut-off valve during séparation
can cause transient disturbances to propagate through the tanker
refueling system, Depending on the time interval of the transient,
pressure waves traveling at speeds close to that of sound waves,
about 3000 ft/sec, can easily generate energy enough to damage the
systam, This is the so-called "waterhammer effect", Refueling
system performance enhancements such as higher fuel flow rates and
faster closing shut-off valves for less fuel spillage, can increase
the potential for damage due to transient pressure surges, Therefore,
preséure surge effects are of primary interest in the design of new

systems and the upgrading of existing configurations, For the
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syster sirufure to be maintained within nircraft weicht standards

and still withstand “"worst case" pressurs ifraznsi

N

ats, methods nust
be employed to attenuate excessive pressure surges.
when designing surge attenuaiion conronents, reliable design

datz is needed to make a reasonavle estinz:e of dressure surge

)

zgnitude, This design data is commonly o=ieined from either
analytical studies, experiment, or both, 3Seneral fluid transient
phencnena have been researched and docurmented rather extensively,
"ylie and Streeter (Ref 1) provide a comprehensive study of fluid
transients and Goodson and Leonaxd (Ref 2) summarize the development
of models for fluid line applications, Streeter and Lai (Ref 3)

used numerical methods and the digital computer to solve waterhammer

problems; their solutions were verified by experiment with good

results, The NcDonnell Douglas Corporation (Ref 4,5,6) used
computer techniques to simulate conplex alrcraft and spacecraft
hydraulic systems. Numerous experiments were performed to verify
various test cases,

However, for aircraft refueling systers, there is a limited
anount of well documented transient respcnse experimental data,
Some of the available experimentzl resulis have been used in
extending the applications of existing hydraulic analysis programs
tc refueling systems, Parks and Franke (Ref 7) investigated rodeling
of the KC-~135 tanker system. Thelr study focused on the transient
conditions during and after a 0,05 sec closure of the nozzle shut-off
valve, Kinzig et al, (Ref 8) studied the compatibiliiy of the KC-135
and KC=10 tankers with a simulated receiver system. Shut-off valve

-
1

closing times of approximately {,22 and 1,0 sec were used to simulate
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the receiver shut-off valve closures during refueling, The objective of

Yoy
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RPN PP

the study was to predict transient pressures in the receiver aircraf:.

Both of the refueling system simulations discussed above agreed
favorably with experimental results for ihe conditiors simulated,
However, there is an element of uncertainty critical to all refueling
system simulations that must be resolved ‘o achieve zccuraite solutions,
This elemsnt is the shut-off valve closure characteristizs, i.e,, valve
area versus time. Kinzig (Ref 8:10) noted that small changes in
closu;e curve shape could result in large differences in pressure
surge magnitude, A McDonnell Douglas Corporation (Ref 9:6-7)
laboratory test indicated nozzle valve closure times area function
of separation rate, Thus, for varying separation rates of tanker
and receiver the valve closure characteristics are likely to change,
As a consequence, changes in separation rate will influence pressure
surge magnitude, Therefore an accurate approximation of value
closure characteristics is a critical input for refueling system

simulations.

Scope and Cbiectives

The purpose of this thesls is to investigate, by computer
simulation, the effects of variations in valve closure characteristics
and surge attenuation componenits on the d;menic response of an
aircralft refueling systen. XHYTRAN, a licDonnell Douglas Corporation
(Ref 4) developed fluid transient analysis computer program will be
used, Two distinct system configurations, the KC~135 and a
preliminary KC~-10 laboratory test set up, hereafter referred to as

the Laboratory Test, will be modeled and simulated with the program.
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The specifi- chjectives of the siudy are tot

d’ a) Ss*ablish an approxinmation of the actual valve closure

L~ )

. characteristics for a typical refueling nozzle,

b~

N b) Verify the general utilisy of HYTRAN by comparison witr results

of Streeter and lai,

c) Compare the simulated results of this study with experizental
results of the Laboratory Test,

d) Determine, for the Laboratory Test model, the influence of
variations in closure curve shape, i.e., valve area versus time, and
modifications to surge attenuation components,

e) Determine, for the KC-135 model, the influence of both
closure curve shape variation and closure tire,

f) Examine the effect of varying the KC-135 surge boot precharge

pressure,
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II, Sysizr Jescrivtion

General

Tanker aircraft are equippel to transfer fuel to receiver
aircraft by means of an extensible, rigid boom or a flexible hose
arrangement known as the probe znd drogue system. This report
ccnsiders only the rigid boom method. The refueling boom is
basically a telescoping tube attached to the underside of the fuselage
that is maneuvered into contact with a receiver aircraft. A nozzle at
the end cof the boom fits into a refueling receptacle on the receiver
aircraft to provide a continuous flow path between the two ailrcraft,
A spring~loaded poppet valve forms the seal in the end of the nozzle
when the nozzle is not in contact with the receiver receptacle. The
popret valve is automatically opened during insertion of the nozzle
into the receptacle by an zctuator in the receptacle,

The primary surge attenuation component is the surge boot. A
surge boot is an expandable, gas charged envelope that surrounds a
perforated section of the boom, rormally the aft portion, The basic
parts of the surge boot are shown in Fig 13 the inner surface of the
envelope sezls the perforations in the boom until the fluid pressure
in the boor exceeds the precharge or the gas, As the prechzrge is
exceeded, Fuel under przssure fcrces the envelope inner surface away
from the cuter surface of the tocm. Therefore, fuel outflow through
the perforaticns and into the cevity compresses the gas in the surge
boct and provides energy dissipaticn during pressure surges.

During a normal disconnect of larzer and receiver a signal will

be automatically sent through the system that shuts off the refueling
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Cutex Surface of Zoom ————/

Inner Surface of Surge Zoot

Fig 1., Surge Boot Details

punps, opers a ovypass valve, and initiates btoom retraction. The
opening of the bypass valve allows fuel to flow back to the tanker
fuel tark so there 1s no sudden flow stoppage during disconnect and
retrzction, Any surge produced under these conditions will be mild and
easily absorved by the surge boot, Normal disconnects pose little or
no threat to the systenm.

The abnormal disconnect conditions that cause concern are the
treaiaway situations due to turtulerce, ermergency actions, or a
failure of the automatic process., In these cases it is likely that
there will be a2 flowing cisccnnect whereupor the pumps continue to run
against the clesed shut-off valve in the nozzle with no retraction of
the toom or bypass of the flow,

Failure of the pumps to shut-off increzses the pressure in the

line to deadhead pump pressure (in some cases 90 psia or more) in

addition to any surge pressure induced Tty the nozzle shut-off valve




................................................................

closure (Ref 11:%,16), Since no bypess cf fuel occurs there is a

stoppage of the full flow through the toor at ths time of discennect,

1]

“igh separation rates of the tanker and receiver, up to the rnormal
n imum of 6.5 ft/sec (Ref 9:7), are usually associzted with abnormal

disconnects,

simplified diagram of the KC-135 refuelirng system is shown in
Fig 2. The KC-135 refueling system is a four purp (constant rpm,
each rated at 300 gom @ 80 psig) system with two refueling pumps in
the forward body tank and two in the aft body tenk., Reverse flow is
prevented to each pump by individual check velves., TFuel flows from
all four pumps are united in a main trunk line; fuel then flows
through a shut-off valve, pressure regulator, and venturi, Finally
the fuel flows through the boom which contains z surge boot with a
nominal precharge of 50 psig. The pressure regulator is set to
raintain the steady state pressure at the nozzle to 50 : 5 psig.
A secondary method of pressure surge protection is provided by two

level control valves located in the lines leading from the refueling

nanifold <o the forward and aft btody tenks, Thre velves' cracking
pressure of £5-115 psi allows fuel to flow to the body tanks during

pressure surges (Ref 10:%),

Laboratcxy Test

The lcDonnell Douglas Corporation performed an experimental
investigation (Ref 9) to study surge pressures develcped by the

closure of shui-off valves during tanker/receiver disconnects, These

-t i/ . S a IS W) 2 et a o artactai»l 2 ala’l e Aol
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Fig 2, Sinplified Diagram of KC-125 Refueling System
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tests were performed os part of ihe Advencsd Asrizl Refueling oon/
Advanced Aerial Refuelingz tozzle develcrnment pronram precessding the
KC-10 development,

The experimental seiup shewn in Fiz 2 consisted of an aluminum
tuve assenbly simulating the actual refueiing “oom, four iiscrete
accumulators to simulate the surge boot, znd a lztoratocry punping
system that supplied fuel to the rig., & refueling nozzle was mourted
at the end of the aluminum tube and a refueling receptacle was
attached to a carriage that was free to slide between two tracks,

The receptacle separation was driven by means of a hydraulic and bungee
system,

The test procedure was to establish a predetermined flow rate,
set the load on the receptacle for the anticipzted separation rate,
and activate the disconnect sysiem, Data recorded included flow rate,
boon inlet and nozzle pressure, separation rz*~, and nozzle valve
pvoppet travel, The test conditions are discussed in Chepier IV with

the computer simulation nodel description,
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ITZ., Computer Zrosram Jeacription

General

HYTRAIl, the hydrauliec transient anzlysis computer program used in
tals study, was developed by the iicDonnell Douglas Corporation under
an Aero Prcpulsion Laborainry coniract (Ref 4), The contract included
not only program developnent bui zlso extensive validation and
documentation. The program uses a building block approach to
facilitate simulation of complete systens. After the configuration is
established according to HYTRAY format, the program calculates the
values of flows, pressures, and component variables throughout the
system,

The basic theory of HYTRAK is that a change in flow (momentum)
results in a change in pressure, Flow is brought to rest at the
expense of an increase in pressure, 2y ccupling the continuity and

momentum equations with componert equations, pressure and flow as a

function of time and line distance can be determined, The
mathematical solution technique used by the program is the method of
characteristics, The major assumptions uron which the program is

based are:

a) Fluid temperature is held constant during the entire run,
b) Flow is one dimensional, that is, the fluild properties are
constant across any transverse crcss section of pipe.
c) Pipes have circular crcss sections and friction factors
based on smooth, drawn tubing,

d) Stresses in pipes are always below ithe elastic linit,
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nodel is broken down into its mest Tasic zguzticns 2 rotion znéd Tlow,

the spged of scund, The components of Ine sysien 2ach have 2
response tc the pressure and flow changes,

HYTZAY is composed of four basic paris: inpat, steady state
calculations, transient calculations, and output. 4 simplified

flowchart is shown in Fig 4,

Included in the input data are line zné component parameters,
the system configuration, i.e., how the lines arnd components are
connected, initial conditions, fluid properiies, and various
directive parameters such as time steps, rur tire, piotting
intervals, ete.

The steady state section of the prcgram bzlances the pressures .
and flows in the system and calculates the Initizl vezlues for all
the system variz®les, Cnce the initial +veluss zre estztlished at
zero time, the program starts by calculzting, fcxr a emall chenge in
tine (AT), new flows, pressures, =nd valzzz for ihe conponernt
variables such as valve position, zccumilizicr f1:id -olures, etc,

The program continues forwzxd in AT tirs inservzis, first

calculating the lire and then the conmponern: ~varizbles until the

.
.
.
-
-
»
-

desired simulation tine period is coverei,

The cutput is time histories of selscizi system variables which

..t L e P PR - - . .
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1ASZC PARTS
INPUT DATA Input
STeADY STATE CALC,
T =20
l $ Stzady State
I Calculations
Initizlize to Steady
State Values
J
v .
T=T4+ AT A
LINg SIMULATICNS
& Transient
Y Calculatlons
COMPCNZNT SIMULATIONS
STCREZ ANSWERS J
} Output
Fig 4, Simplified HYTR:N Flowchart
s e - o




LAl _sarhol Ty the contreiling ianput, A typical cuisui plot

- - -, s - 3 .o o Yo
woild e a2 pressure versus time curve for telore,

and component modsls is provided in Ref 4, The zrogran requlires

approxirciely 170,000 core memory and a run tine Letween 20 and 300 sec,
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Although EYTZAL was developed for use with hydrzulic systerms,ihe

“,,”.
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o

basic assumptions and solution technigues are commorn to most {luid

systems., The main alterations reguired for use with fuel systems
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was to change the fluild properties from hydravlic fliuid to fuel,
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n developing a HYTRAXN mcéel is to construct the

.vs

syster. scnematic in HYTRAN formei, Thisz involves the assignment of
line, component, node, and leg numbers throughout the system ag well
as determining which component models will be selected to simulate
each inéividuzl component, References 13 ani 14 explain in deizil how
to translzte a systen into HYTRAXN format,
he specific HUTRAI component models used for the sinuiaticen

,

models discussed in Chepter IV and V axe discussed triefly in tns

following paragrapnc., Jetalled cdescripiions ¢ each component rodel

Fuel tanks and flow scurces were simulzied with EYTRAY TYF: 61
constant pressure reservoirs. The reservcir is zssumed o have an

infinitely large gas volume so that pressure remains unchanged,

1.
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changes in diameter and flow direc

frictionless branches,
Tixed oxifices

31
and relief valves, The

variable arez,

pesition of the force-balanced poppet.

until the valve closes,

Contrel valves were simulated usirg

Tha

-

valves,

constant

history of valve closure is input in tre

area versus time tatle,
valve area at a par

coziTicient:. In this study,

presented In the rnondi-ensi
rexrcent of closure time,

the percent of closure time values

valve position with respect to the

the effective area v th respect ¢

by nultiplying
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.4
o
i
P
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and Jurziion:

tion or Zivisions, i.e., ithey

check valve

valve is nodeled &s an

discrarge coefficient over the entire

The effective valive is defined as

rticular time multiplied

cnc: form of vzlwe

- aw - - » - 2
The valwve pesitiosn, given

respect 1o ik

‘otz

the full flow zrea by

D

- PR S~ DR
rrnornte wny losses ascsoclated wiin

. o
14 GEre

gy

were modeled using ZYTIRAL TYZD <1 reziric-crs,

ciel was used ic sirulate chzeoxz

check valve is rmoieled as an orifice of

The arez at any given time is determined ty the

Reverse flow can take plzc

ZYTRAN TYPZ 21 4wo-way

oritiaa

PSSR &) 4

of variztle zrea and =

re Tlcw ranze. A iirme

“orm of an effective valve
the

ty the discharge

e .17 flow valve area

-]

-

~re time wvalues for each

clocure tirme, Therefcre,
",

2 e PalPl . 2 A -
irme Tox progren input is otlalned
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SR coefficient ~z shown Lzlow
N
P
& (8) = K(2)CaA, (1)
where
A (t) = effective valve zrea with respect io time

[

K(t)

Q
n

Vo

Accumulators were

o

[0 o~}
-

a nonvaryin

accumulator walls,

Zach unit is modeled as a simple
with the friciional and inertiel

gas constant and n

valve pesition with respect to tinme

discharge coefficient

full flow valve arez

simulated with HYTRAL TYPE 71 zccumulator molels,

gas charged piston type accumulator
effects neglected, The model assunes

heat trznsfer between ths gas and the
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i7. Labvoratory Test Comouzer llodel

The Latoratory Test configuration in rig 3 wes modeléd using the
HYTRAN componants discussed in Crzzter III. A schematic of the test
configuration in HYTRAL input forme+: is shown in Fig 5,

Input data for all lines exczpt those eantering the accumulators
vere cttained from the Lzbvoratory Test report (%=f $). The ocutside
diameter of the accumulator entry lines was rnot available and was
estimated from measurenerts of test rig photograchs. An assumed
inside diameter was based on the thickness of other tubing used in
the experiment,

Fluid properties were altered from hydrszulic fluid to those of
JP-5 at 60 F, The properties used were:

0.02£2 x 1072

Viscosity inz/sec

Density 0.720 x 10~ 1bf-sec2/in“

£ . 2
Bulk Nodulus 0,289 x 107 1b./in

Vapor Pressure = 0,5 psia

Time sters (AT) of 0,0005, 00,0004, and 0,0C0337% sec were used over a
simulation interval of 0.4 sec., This intervel was chosen to match the
time period over which the experimental data were recorded, The
various time steps were used, when required, to insure a whole number
of time steps over all segments of each of the effective valve area
versus time input tables.,

The nozzle was modeled using a TYPZ 21 iwo~wzy valve. The valve

closure was input as an effective valve area versus time as discussed

A IR AP D D U R, I, Sy T RS U PR P UL Uy U T SRy A Bl il PP Y
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-- TYPE 71 Accumulator

-- TYPE 61 Constant Pressure
Reservoir

-« TYPE 11 Branch

== TYPE 21 Two-way valve with
nodes at each connection

. == Node number
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== Line nunber

leg 2

Leg 3

Leg 4

Leg 5

Fig 5. HYTBAN Diagram of Laboratory Test




in Chapter IIY, Thris method simplified nodificetions arnd tre uszre
cf vaxious clocure curves,
The full Ziow zrea times discharge coefficlent was czleulai=zj
from 2 fiow versus pressure difference across the nozzle curve Iox
. <,
the actuzl nozzle (Ref 16:44), A flow rate of 201& in”/zec wes =sed
in the Lzborctory Test, This flowrate corresponds to AP = 5,1 z==i

from itne curve for the nozzle, Using the orifice equation,

Ayla = R (2)
2 AP
]
a steady state value of A C = 5,35 in2 was computed,

The steady state flow was exhausted into a TYPE 61 ccnstant
pressure reservolr to simulate the fuel return system used in the
test, The constant pressure was set at 47.5 psia., This pressure
was ccnputed by subtracting the AP of the nozzle from the reasured
steady state flowing pressure of 52.6 psia Jjust upstrear of ihe
nozzle (Fode 11), This back pressure was consistent with the
conditions used to generate the flow curve for the nozzle,

TYFZ 71 gas charged accunulators were used to simulate the
test accunulators, Volume and precharge pressure was trhe only
definltive data available for the accunulators; therefore, some
assumdiions were required to complete the models., ZEZntry lines were
scaled from photographs to be 6 in long with an outside diareter of
2 in, A wall thickness of 0,125 in was assumed. The volure of each
accurulator was given as 5 gal (1155 in3); a2 usable volume of

1000 in3 was used in the simulation to account for the unknown
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. internal cc_"iruration, Assundng that the zas would e compresse

to 2 maxinun of ten percent of its original volume resulted in =

naximum fuel volure for each zccumulator of 900 in3. The tctzl

I

fuel volume for the four accumulziors totaled 3200 inj, conzistent
with the actual volume of 23555 in° (Ref 17) for the KC-10.

o d2ta other than photogrepns was available for ire Lzboretory
purping system, Since the sysien provided a constant szezd)y stzte
flow and pressure, a TYPE 61 constant pressure reservoir was used to
mocel éhe runp as a constant pressure source, The pressure of the
reservoir was adjusted to provide the test condition steady state
flow,.

A complete listing of input parameters for the Laboratory Tes:

model is given in Appendix A,
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The 10-175 sysien was nodeled using

(Ref 10) ani the HYTRAL component medels

The use of a sinilar rodel ani iest con
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and extencion of the nrevicus »

earlisr versing of HYTEAN whizlr requires

paraneters, *the tasic model configurati
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of the system in HYT3AY format iIs shown
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at 60 F, The pxoperties used wsre:

Viscosity 0.1

Density = 0.7

cn wes uncharzed, A schematlic

es were a2ltered from hyirzulic f£luié to JP-4

38 x 1072 inz/sec

7 % '.'.O-LL 1b{-sec2/in4

€ 2

Bulk ¥odulus = 0.1% x 10~ 1b./in

Vapor Pressure = 2.0 psiz

Time steps (AT) of 0,0005, 0,0004, and 0,200333 sec were used

over a sirulation interval of 1,0 sec,

Tris interval was

selected to match Parks' sirulation time inzerval (Ref 10:23),

The various tine steps were used, when r
number of time steps over all segnents
tables,

Parks simulated the KC-135 system

punp of7 (Zef 10:23); this study used the

faclilitate eonpz=risens with Parzs., zach

A1 re:crvcir 2% =z constant pressure of

)

reciuired, to insure a whole

$f the wzlve c2lcsure input
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SR were sinula*~4 as TYPZ 21 checxvzlves,
The line valve and rezulator uwsre nodeled as TYFD 4] restrictors:

the level control valves as'TYZZ 31 checkvalves znd the fuel *tanks as

‘e .
N ]
s's' 8 a

¥

TYPE A1 reservoirs, respectively, The surge too* was modeled as

()

et
AP

Pl

.

twelve discrete accumulators; the total volume o *he twelve units was

o o —

1308 in3. Zach was nodeled as an individual TYFZ 71 accunmulator with

a xminimun cas volume equal to ten percent of ine initial zas volume,

A TYPZ 21 control valve was used to sinulate the boom nozzle,

The vaive closure was input as an effective valve area versus tine as
discussed in Chapter III,

Ei All dimensions, where applicable, were obiained from the Parks
nodel (Ref 10:70-77).

The steady state flow was exhausted into =z TYPE 61 reservoir to

"4 simulate the fuel return system, The reservoir pressure was set to
43 psig (Ref 10:35),
A complete listing of input parameters can e found in

Appendix B,
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.~ VI, Discuszsicn c¢f Velwe ceuxe

pressure surre to propagate thrcuzh a refuelinzg systen, Ths dinsct

L2 ~ln g A TN - rerm - . . N o
relzaticonzhip of pressure surge ~zonitude tc valve closure cun e

- a pressure P2 at L, Assume, at length L, there is a valve which carn
ii reduce the velocity at L to V - &7, The mass rate of flow for =
-

pressure vwave traveling at sonic velocity ¢, is ro= yAc. Fror. the

impulse-momentum equation, fcr <his application

VT = A - =P -
(gAc)(J AT - V) PA - FiA

or tke increase in pressure is given by
N AP = -gc AV (3)

thus 2 change in velocity is dimectly proporiionzl to a change in

Bl
Tatiteta

pressure, The time for a pressure wave to travel the lengih of

pips L and return is + = 2L/c, If the tirme of closure TC is lzss

pproxi-ate pressure rise is given oy

()

than or equal to t, the

-, AP = -28 VL

)
- m
"

.~

P
L=

c
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thus a decr;:se in closure time will cause an increzse in pressure
rise,

Since the reduction in'flow velocity is determined by tne
valve closure, it is apparént that the closure curve 1s s critical

input to the simulation of aircraft refueling system response

subsequent to nozzle valve closures,

Valve Closures from Previouz Research

Parks (Ref 10:19-20) used a valve closure relationship,

heresafter referred to as curve "A", described by Eq (1) where

() = |1 - — (s)

The closure curve corresponling to this relationship is shown in
Fig & and is characterized by a rapid reduction of the valve
opening initially, followed by an almost asymtotic reduction to full
closure. This slower area reduction durinz the finzl stage of the
closure curve 1is referred to¢ as "valve snubbing"., DParks justified
his usage of *he curve on the basis of a comparison to experimenta”
data,

Typical curves used by Kinzig (Ref 8:25) in his study of receiver
pressure surges are shown in Fig 9.

For use in this study, the curves were reduced to zn analytical

expression of the following form:
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¢ /1))

<nere for curve "z" curve "C"
a = 1,45 a = 2,60
b =1,0C o =2.,00
n =1,30 n =1,25

Zcth curves represent a relatively gentle closure characteristic

sf recelver shut-off valves,
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(Re® 0125 and drawinzs of the lve mechaniszsm were uzel to plaot =z

t

rete, The closure rate decreases during the finzl stage of ares
reciction, apprcximately the last ten percernt, This snubbed closure
is expected since the valve poppet incorporztes a damper that is

designed to slow the closure during the last stage of poppet trevel,

Nozzle / Receviacle Cenmbination

¥hile the previous curves, Figs & and G, mey be typiczl fcr normal
disconnects, atnormal disconnects a2t high seperzation rates a2rs likely
to result in more severe closures, Before establishirg the ef
high separation rates on the valve closure curve, the interaction of
the combined nczzle and recepiacle configuretion was exoninel,

Thown in Fig 11 are (a) the recepizcle sleeve valve, (b) iae

ozzle valve, (c) thc nozzle and receptacle in cennected position,

The spring-loadad nozzle poppet valive 1s opened rmechaniczliy on
ccatzct with the fixed pedestal in the recelver zircraft recedtzcle
in con/unction with ihe cpening cf the zliding zleeve valve in ire
receriacle by the nozzle tip,

Durinz quick disconrects, the dampzr irn the poppet can slow the
poppet closure such that {the poppet and p2desial 3o not remain in

contzet curing separation of tne rozule and recectacle, Therefore,

nozzle valve closure 1s independent of =zeparaiion rete, Conversely,
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®ig 10, lozzle Closuxrs Curve Counruited from the
Laboratcry Test ieasursrents
since the receptacle sleeve valve is spring-loacded and undamped, its
closure rate is determined ty the rzte of separation, A typical closure

curve for the receptacle slzeve velve, hereafier referred to as curve

Py

"D", is shecwn in ¥Pig 12. The closure accelerates ic 2 constant rate

! with no zppreciable snubting.
= To reach the fully clecsed position, the reguired travel for the
receptacle sleeve valve is 1,0 in (Ref 9:7) and for the nozzle valve

poppet 2 minimum of 1,15 in ig reguired to reach the closed position

bl
e e
86 4 2

(Ref 16:50), Therefore, when the nozzle and receptacle have separz:ed
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Fig 11. Nozzle / Receptacle Details
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Fig 12, Receptacle Closure Curve

1.0 in, Fig 12, the receptacle sleeve valve is clozei, AZ 1the 1,0
in separaticn point the nozzle velve has reachei z nzxinu- cof
approximately 9C of full closuré if the poppet znd :zdes-al have
remained in contact, less if the poppet travel lzgzs the rsliztive
separaticn of the twe components., The peﬁet-,ticn of <he nczzle
into the receptacle 1s sufficient for ithe <iwo coronents =¢ be

Ef essentially sealed together at thils position of sepzrztion, The
actual closuxre for gquick disccnnectis is determined oy the receptacle

. . sleeve valve and can initiate a surge that propagztes iInic “he tanker




Poppet Valve
has not closed

Fig 13. Nozzle and Receptacle at the One Inch
Separation Point

system even though the nozzle wvalve is still open., 7This suprosition
is surported vy pressure mezsurements cdizlirsd during the latoratory

Test (Ref §:10) which indicate peak pressure occurs coincidens with

the 1.0 in separation point for separation rztes of 3-10 Ti/s:zc,

Actual Valve Closure Approximation

With a2 relationship between separaticn rais and valve closure
established, & reasonable approzimation ic tre rninimun effecilve
closure time can be established, The rzxiru- disconrec: speei is

6.5 ft/sec (Ref 9:17)., Assuming instantznesus zccelerciion tc this
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rate, the time required For the noztlie and +he recepizcle to sep
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Based on the previous discussion in this chepter the closure

curve Tor quick disccnrects ig theorizel to e besicelly the
recepiacle closuxe curve as shicwn in
closure rate would increzse to 2 constant rzie with no snutbing,
overall effect of the combined nozzle/receptacle clocsure is to

eliminate the snubbing portion of the closure action of the

receptacle,

The
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HYTRAN Vexrification

A basic waterhammer problem with krown results was solved using

EYTRAN, S*reeter and Lai (Ref 3) cotained ar aralyticel solution for
the configuration shown in Fig 1& and verilled i by experiment,
After eztatlishing a stezdy state flowrc-e in ihe line, the valve vwas
closed according to Zq (1) where
2
K(t) = [1- — (7)
m
L
¢

The HYTRAN format configuration is shown in 7Fig 15, A closure time

e
of 0,09 sec and a steady state flowrate of 5 in”/sec was used, The

working fluid was water at 50 F,
Comparison of EYTRAY and Streeter resul:is (Fig 1%5), indicate
excellent agreement in phasing, curve shape, and magnitude of the
first peak, Subsequent peaks of the HYTRA!! solution exhibit moxe
attenuation ihran the Stiresier solutlion due %c¢ the inclusion of

dynanic friction effects in HYTRAN that Strester neglected,

Laboratory Test Simulation

Comparison with Experimental Resul+s, T“he steady state

conditions prior to the separation of nozzle and receplacle, i.e,,
valve closure, were as described in Chapter IV, The accunulator

precharge was set at 90 vsia (Ref 9:10, 24), The valve was closed

-
35
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/ Constzni Pressure Reservolr

O
8

\" -
Copper Tubing
Water el  an?
- 0.500 1n.0D (E =1.7 X 10 psi)
6OOF 0.&38 in,ID
Patm = 14,7psia
= DQ\
* Quick Acting
Solenoid
le—————— 24() in, Valve
P = 167 psia
Fig 14, Streeter's Experimental Configuration
N1 181 I2
C1 2

Node lumber
Component Number
Line Number

TYPE 61 Constant Pressure Reservoir

TYPE 21 Control Valve w/ 2 nodes

Fig 15, HYTRAN Disgram for Streeter's Experiment
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according to Zq (1) with E(t) from curve D c¢7 Chzonter VI, Tig 12,

(@]
=
Q
[ 7]
=
17
@
N
i'e
O
o
w
O
-

(0]
W
03
[y
[¢]
-

3

jat

oscillograon “rzce of Ll wnueri-oatal

o

response for the conditions of the sinulaticn vwzs obizi=ned frem the

Preliminary results exhibited reflected peaks net shewn i the

l te
L4

exoerinental datz that indicated ihe labora<:xr; pumpin: zysiter 4
not reflect vressure waves prscizely as a ccastant jriscure reservoir,
As a result, the laboratory pumpinz systenm wes ~cdeled zs a consiant

pressure reservoir connected to a long line, the lengih of which

prevented the return of the reflected wave duxing the time interval

of interest (0,0 to 0.4 sec)., The line fror scurce to “esi section

N (L1) was lengihened to accomplish this modificztion of he model,
S The pressure of the constant pressure source wzs adjusted to provide
} -

the desired steady state flow conditions.,

0

e
la

Conparison of experimental znd simulatel <rzasient response to

)

B el 2 4

the valve closure is shown in Fig 17, The firsi peak in voth cases

- 3

Y

corresponds to the complete closure of the v2lve, Excellent agreement

T
Dol

v
e

aela N

is seen in compariscn of the five nercent seitling times, The

T

N
f
Hat

settling time is the time required for the r:sponse o decrease to a

4

o apzcified percentage of its final value, The Znitial and final
E{: values are virtuclly the same for voth,
- Comparissn of peak magriitudes and phasing are less favorable,

The computer sirmulation underpredicts the mesnitude of ‘he first peak

and cverpredicts the subsequent peaks, Thers are itwice as man aks
T pe

in the experimental results as in the simula*ion; a result, perhaps,

T of the accumulator model limitations,
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Transient Pressure & Kozzle (psia)
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e
0
Fig 17, Comparision of Experimental ani Sirulaied Transient

Response at Nozzle to Valve Clcsure for the

Lzaboratcry Test iiodel
Fﬁ Accumulator Volume and Precharge, our zccumulaior volume
. confisurations with four different precharge s:iiings per configuration
Ei were investigated, All simulation cenditions wiith tisc sxception of
B aceumulator paraneters were outlined in the rrevious zection, Shown
. in Figs 18-21 are the maximum transient pressures vers.z zrecharge
bi pressures for each volume configuration., Refexr to Fiz 3 Jor the
A .
R relative locations of the boom inlet and noz:le,
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Volumz changes had a negliginle eflfecti -n <ie maxi-um transient
pressure at eithzy the nozzle oxr boon falst, & zrall chatzes in the

seccond pecx pressures at low precharse as ihz volumes are decreased is

due to the accumulztors reaching their Tluil cepacity linits. The
dominant influence was prechzrgce pressurs, Iwerezsing nrecharge

pressure resulied ia higher peak pressures =® toth rnczzle and boom
inlet, cte that the first peek 1s unalfec=ed oy chinges in
either volume or precharge, This is due to the accurulator time
response lag, The initizl impulse is not atzenuated as readily as
surges that build up over a longer period of time since a finite
period of time is required for flow into the accumulators to begin,

Accumulator Entry Line Diameter, Simulztions with accumulator

entry line diameters from 1.25 to 2.75 in were run to observe the
general effects of dlameter variation. Alsc, since the actual
accunulator entry line diameters for the lztsratory Test were not known,
a verification of the choice of 1,75 in was desired., 4All slnulation
conditions except for entry line diameter were as outlined in the
previous section, The basis for comparison was the maximum transient
pressure, five percent settling time, and the rumber of peaks to

settling time,

- Changes in diameter did no*t affect the -zxlium pressure at the
- boon nozzle, As in the zrevious section, this is atiriovuted to the }
L~ 1

2 accumulator response time. The naxzimum pressure at the voom inlet is

E affected bacause during the time required for the pressure wave to
reach the voom inlet, flow into the accumula-ors has begun. The

- incrgase in pressure magnitude at the btoorn irlet for a decrease in

'f the diameter is shown in Fig 22, This increzse is expz=cted due to the

o Ya T I e e e 4 - . .
LI I, ST W R YL S - i} o alalalalal el el
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additional resistaace to flow in smallexr zi>:s, thus negeiing some cf
the canabtility of the rezumulatior to funciicn as an ensxoy avwrorslion
component,

Settling time and number of neaks to =zeitling time were

o0

favoradly affected ty decreasing the line Zlameter, Pigz 23 and ZZ,

N+ 1 2 .90 -~ Lo + ) -~ Rl
Settling time wos reduced by 20 to 50 percert for the range of

P P o . ) oo 5, o : K] 2 -2 < PR I rr b2 e
dizmetsrs, The number of pecksz Trom initiziion to sstiling tinme wWas

reduced 50 to 7C percent, In ithis case the increase in flow
restriction to the accumulator resulted ir increased danping and less
pulsation added to the system due to the release of energy stored in
the accurulators,

Two runs were made with loager than standard (14 in longer)
accunulator entry lines. The results for the longer lines exhibited
the same response trends as decreasing the dlameter, see Fig 23.

Zxarmination of settling itines at the nozzle supporis the
cheice of the 1,75 in entry line for the Latoratory Test simulation.
The settling time of approximately 0,02 sec agrees with the measured

response (Fig 17).

Clozure Curve Siudy

Laboratory Test iiodel, Simulations wers run using each of six

closurs curves, shown in Fig 25, to examire the effects of curve
shape, Steady state conditlons were as described in Chapter IV
with an accumulator precharge of 90 psia, Valve closure was

according to Eq (1) with K(t) ziven by the closure curves. Time of

closure was 0,03 sec.
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) Zifect of Curvs Type on Transient Frecsure ang
- Seitling Tire for the Laboratory Test [lod=l
-
s
L. - - - g
- vexinw:. Trensient Pressure {izia)
Curve hozzle Zoom Inle: Zetiling Tive (sec)
Iinear 3icC 157 o2k

p) 340 210 . 247

A 340 190 o232

F 240 20€ 247

G 340 220 o247

ot 250 122 ZHZ

Results for the six curves are shown ir Tatrle I, Curves D, E, T,
- and C, produced similar results, not unexpected since the general

curve shape is the same for all four (Refer to Fig 25). laximum

transient pressure at ihe nozzle and boom irlet for those four curves
are the same except for curve T, Curve £ has a less severe closure
vhich results in a slightly lower pressure zi the boonm inlet;
settling time 1s also shorter, agalin a reflecticn of the less severe
closure,

The linear closure resulted in a reduction of rexirur transient

SO

Pl
2-"rals

pressure at both the nozzle and boom inlet; settling tinme was

.
2 3

somewnhat less than cuxves D, &, and G but zresatitcr ihazn curve Z. The
reduction in pressure was due to tre constant raze ¢f closure without
changes in s3lope.

Curve - yielded the lowest maximum trarnsient pressure of the

L e group, Settling time was of the same oxrder as the linear case, The




P

reduction ir. pressure peaks was due to tne "znutiing" effect during
the final =tare of clcs o 1thig effect Iz zxzrined furiher in the

-

In Chapter VI curve D was selected ine revresentat

p.
<
[
Q
=1
H
@

shape for a quick disconnect; the resul-s of inis gectilon indicziec 2
siniler response to curves D, T, ¥, and 5; therelore, & generzl

aralytical relationsnhip applicable tc¢c alil zrni rernce, a guick

disconnect can be given as
t
K(t) = [1 - — (8)

where m <1

For the quick disconnect case, the linezr and snubbed curves
are not anplicable because of the lower mexi-urm pressures gererated,

Yalve Snubbing Zffects, Valve snutting was discussed in

Chapter VI and is defined for this study zs <he reduction in the

rate of valve area decrease Quring the finzl ten pexcent of valve

e 2

area reduction, The effect of valve snubtinz was invesiigated by

=

running the Laboratory Test simulation with snubZed and unsnubbed
curves, Time of closure and sieady state ccnditions were the sarme
as the previous runs, The valve closure wzs given by =g (1) and

¥(t) from the modified closure curve H zs shawn in Fiz 2%a., Four

closures were evaluzied; an unsnubbed curvs, z2ni three with snubting

-

of 3.7%, 7.5%, and 117, respectively, The 7.57 snubbed curve is the

tasic curve 5, The effect of the increzse:i percentages of snubbting

is shown in Fig 26t, Increasing the snustin:z rerceniage decrezses
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the maxinmur “iransient pressure.

|-,

c=-125 odel, The ef

£ oAn P s =~
ect of closurse Turve Fhzzr and tlime of

closure on the C-135 syster described In lrzp<er |V wz2g examined oy
varying the tire of closure Jor several curvzs,

\ s - - - .
a (1) with ¥(%} from closure cuxrwve:z &4, 2, -, =, F, G, =, and

!
B/
@
5
g
lU

the linear curve. Time of clozsure was varisi “ron (21 wnd 0,03 zec

to encompass the minimun closure itime discuszzeld In Craptler VI and ine

ninirmum used ty Parks (Ref 10:53), The curgs becot Trecharge wWas

50 psig and all other conditions were a3 Zescribed in Chapier V.
The magnitude of the first peak at t7s rozzle wzs chosen as the

basis for comparison of the results; the p=z: nunbering is illustrais

in Fig 27, The response of the system sutsezuent ic the first pezk
was basically unaffected by chenges in clcsure time curve shape.
lormally the most important peak for desizn surposes is the fixst peak
zfter valve closure, unless subsequent ez
The latter case 1s possible in complex sysiens like <he KC-135 vhere

different concentrations of reflected pressure waves coalesce to

form peaks greater than previcus peaks,

g

1z 27; closure cuxve A, Tc = (0,05 sec; ic arn exarnple cof such a case,
Shewn in Fig 28 is the pressure of irz Jirst pezX at the nozzle
versus closure time for ezch curve,

For all curves thers itg an increasing jressurs with decreaszing
closure time relationship, OCurves Z, F, 222 G axe least affectied b
changes in closure time, These curves hzve 2losure rmates that are high
during the latter stages of closure thus ~sz: of the closure teres

place over a short percentaze of any cleosurs iinmz. The slope of ihe

curve does not reverse, i,e., go from posiziv

W

¢ nesative or vice v:irsa,




SR 400, 3 peak

Transient Pressure (psin)

) 1
- 0.4 0.5
Time (sec)
Fig 27, lumoerirg of Transient Pressure Feaks for z Typical
Response to Valve Closure Ior the KC-135 llcdel using
curve A and Tc = C,05 sec,

. over the closure interval,

L .

- - Curves B, C, and H have similar respcnses to decreasing closure
. time, All of tlicse curves appear to be very depsndent on chenges to
* closure time, espzcially below 0,03 seccnis, The exirenme e€ffects of

closure <time variation is shown by the zpprcximziely 2Z0C: ingrease in
pressure icr a reduction in clesure time Zrenm 0,03 to 0.01 sec,

- . The linear curve exhibits a relationshin of »ressare increase

versus closure time that is similar to cuzves H, B, and C except that
e el

S the increase is not quite so dramatic, This is 2 consequeice of the

- constant slope with ro snubbing,
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Fig 27, Effect of Closure Time Variation on 1§£ Peak
Transient Pressure for the KC=135 Nodel
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The con

system confi

e

nitiated Ty +

night in sim

is characteristic of the system., As shown by Za (3), & pressure p=an

will occur a*

system, it 1
to closure =

coincident

7

2 Eal -
ig 29 Ter 2

osing curve a risults in a nodest chanze over iic renge of

with the timing of the third pezk, This is illustrated in

niicate that the thiri peak would be predoninant and

curves except Z, ', andi G, T[First peak pressure for all
es wiih reduction in clcsure <ire,

sistency of the third peak velue can be zttributed to ths
guration, since for cormplex systems the compression wave
the velve closure does not bring the flow to rest as it
ple systems; therefore the tine required for flow stoppzzs
the point of complete flow stcoppage and dependent on ihe
s likely to maintain a consistent magnitude without regard

ime, For the KC-135 nmodel, complete flow ztoppage occurs

typiczl response upstream of ‘he nozzle,

nef 10:53—55) investirated pressure versus closure time “ox

O
L]
O
n
r\\

- P
»

10l 0,15 sec and Tound 1little chance, or the

33 curve A, T = 0,05 sec; the rezulis previously

Therefore, the results FarXks

consistent with the results ¢f this atudy,
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Variztion of i'0-135 Surse 3Joot Frecharse Irezsure

e effect of surze boot prechiarre vz Inresiti-zied by vacring

the precharce from 50 to 100 psig, A 1lizz-x ciosure cuxrve was used

tner conditions were

-
) e
§-
O

with closure times of 0,03 and 0,05 sec,

,_a

as described in 3ection V.,

pre

(B

Resulis, shown in Fig 30, indicat

V4]
0
A

ar. lnerease in pressure for

Lie

the first neax and a reduction in oressirs Ior the thnird pezl over
the range of increasing precharge pressur:z, Jozzle pressure versus
precharge pressure curve slopes fcr the firz< peak are similar for
both closure times with a higher transien< zressure for the 0,03 sec
closure, The third pszak has the same rss-onse for both closure times,
Parks' study (Ref 10:53) indicated a lecreasing maximum
transient pressurs with increasing prechaxrze pressure relationship.

As discussed earlier, due to the slow clesure (T = 0,05 sec) and

c
extreme snubtbing of the closure curve usei Ty Parks, the third peak
was predominant in his study., Therefore, thz results obtained by
Parks and the third peak results of this siuiy ere in agreement,

The differing effects on the first z22 *hird peaks result from

the inability of the accumulator to rezocrni suickly to short duration

impulses, The third peak pressure builis =% z slovwer rate as the {low

B

decreases to zero, Tor the first peak, irecreasing the precharge
oressure actis to harden the sysiem, »reviiiss trogressively less

enercy abscrpticn for the impulse., Converzsly, the slower buildiag

b ) AT i ol o

pressure of the third peak is attenuatel =»izx ithe increased precharge

e~ |

since more energy is recuired to compress iz g£2s in the accumulators,

The elfect of precharse for the KC-1-7F r~niel is consistent witns

the results obtained for the Laboratory T=s® :i0del., The Laboratory
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'IIT, Conclusions

L)

Zused on the reseaxrch and simulations conducied and reported

herein, it is concluded tha*

1. Tha HYTRAD computer program can preilict the traansient
response of simple 3ystems with gool ro-ults,

2. Simulation of the Laboratory Test resulted in a favorable
azreement with experimental findings for the general transient
response but underpredicted maximum transient pressure by
approximately 1573, |

3. For the Laboratory Test simulation:

a) A 757 decrease in accumulator volume with other
variazbles held constant had a neglisible effeci on m2ximum transient
pressure,

») Increzsing the accumulator prechzrge pressure with other
variables held constant caused an increzse in transient pressure,

¢) Decreazsing the diameter or increasing the length of the
accunulator entry lines with all othexr variaztles held constant caused
an increase in transient pressure and a decrease in the time required
to settle to a steady pressure after valve closure.

4, The representative closure curve fcr quick disconnects must
be derived from analysis of the combined nozzle/receptacle dynanics.
The curve cdeveloped in this study gave good results when used in the
Latoratory Test simulations ani compared to ihe experimental results,

E. Ircreased percentages of valve snubbing decreases transient

pressures; this is consistent with the findings of Kinzig (Ref E),




+hn

vei

nhozle valwv

¢

to increase transient

X
b
1

w3




TA. noeccmmenicticrs for Foxenaox Iiudy
;
Additionzl verification of corputer simileiions with

exprrimenislly reasured data is needed 4c zzln caafideraze in ife
cerpater sredictions, A scaled Zdown sysier sirllsr i cenfigsuration

to ihe Llacoratory Test could e uszd in *hs ZzToratory for pzraneter

variation experiments,

A fuel systems oriented deri-=iive of HYTRAN is aveailztle; this
i1, uses the basic MYTRAN progren with additional
3). FUELTRAK

2 developed

1i g

program, FUCZLTRA
sudroutines added for fuel systen component nodels (Ref 1

was not used for this study because confidenze could not :
FUSLTRANI srould be evaluated

i1 the results obtained from it,
thoroughly to determine what, if zny, usage _initatlcns exist.
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